Intercellular communication plays an essential role in multicellular organisms and several algorithms to analyse it from single-cell transcriptional data have been recently published, but the results are often hard to visualize and interpret. We developed COMUNET ( Cell cOMmunication exploration with MUltiplex NETworks ), a tool that streamlines the interpretation of the results from cell-cell communication analyses. COMUNET uses multiplex networks to represent and cluster all potential communication pathways between cell types. The algorithm also enables the search for specific patterns of communication and can perform comparative analysis between two biological conditions.
Introduction
Single-cell RNA sequencing (scRNA-seq) has been extensively used in the last few years to analyse intercellular communication in tissues (see, e.g., (Camp et al. , 2017; Puram et al. , 2017; Zepp et al. , 2017; Zhou et al. , 2017; Cohen et al. , 2018; Halpern et al. , 2018; Skelly et al. , 2018; Vento-Tormo et al. , 2018; Kumar et al. , 2018; Schiebinger et al. , 2019; Bonnardel et al. , 2019; Sheikh et al. , 2019) ). Several algorithms to perform these analyses have been published (for instance, (Efremova et al. , 2019; Vento-Tormo et al. , 2018; Rieckmann et al. , 2017; Boisset et al. , 2018; Ramilowski et al. , 2015) and they all start from a database of interacting partners (e.g., ligand and receptor pairs) to infer, from their expression patterns, a list of potential communication pathways between cell types. Results are visualized with graphs or heatmaps; however, with a large number of potentially communicating cell types and ligand-receptor pairs, these visualization strategies become busy, poorly interpretable and hinder data-driven hypothesis generation.
Here we present COMUNET ( Cell cOMmunication exploration with MUltiplex NETworks ), a new tool to visualize and interpret cell-cell communication that is based on multiplex networks. COMUNET allows unsupervised clustering of ligand-receptor pairs, search for specific patterns of communication and comparison between two biological conditions, aiding the interpretability of the results and the identification of promising candidate molecules to follow up on.
Algorithm

Multiplex network
As a first step, COMUNET uses a multiplex network to represent cellular communication pathways (consisting of, e.g., pairs of ligands and receptors) identified by an algorithm of choice (e.g., CellPhoneDB (Vento-Tormo et al. , 2018; Efremova et al. , 2019) ). The input is a set of weight matrices, one for each communication pathway ( Figure 1A) . As an example, in all the following analyses we apply COMUNET to the output of the CellPhoneDB algorithm (Vento-Tormo et al. , 2018; Efremova et al. , 2019) .
Each weight matrix is interpreted as an adjacency matrix of a directed weighted graph, where the entries are the edge weights. For each node (representing cell types), the difference between the weighted in-and out-degree, , is calculated and encoded in the Δ color of the node. With ligand-receptor pairs, a positive value of indicates that the node Δ (cell type) is mostly communicating by producing and secreting the ligand ("sending" node); conversely, a negative marks nodes that communicate mainly by receiving signals through Δ the receptor ("receiving node"). The arrows of the graph starts at the sending nodes and point to the receiving nodes, while the thickness of an edge indicates the edge weight. The graphs built from the matrices are then stacked together as layers of a multiplex network ( Figure 1A ).
Dissimilarity measure
Once the ligand-receptor pairs are represented as layers in a multiplex network, COMUNET calculates pairwise dissimilarities between them.
Given two layers and , their dissimilarity is defined as:
where is the weight of the directed edge between nodes and in the layer , is
the number of nodes, is the set of edges in the layer , is the cardinality of E α α E | | α ⋃ E β the union of all edges in layers and . This definition of dissimilarity can be seen as a α β modified version of the Jaccard similarity index (Jaccard, 1912) between the sets of edges in the two layers that takes also into account the weights and directionality of the edges.
Clustering
During this step of the analysis, the algorithm identifies clusters of ligand and receptor pairs showing similar patterns of communication ( Figure 1A) .
A hierarchical clustering of the dissimilarity matrix of layers is performed using the "hclust" R function with the "average" agglomeration method and the results can be visualized as a heatmap or a UMAP plot (McInnes et al. , 2018) . The number of clusters is estimated using the "cutreeHybrid" R function (package dynamicTreeCut, version 1.63-1 (Langfelder et al. , 2008) ) with "deepSplit" equal to 0 and default "minClusterSize" equal to 6. For each cluster, a graph that represents the "average" pattern is built by averaging the adjacency matrices and the (see section 2.1) of the nodes of all the graphs in the cluster. (Figure 1A, B ). Δ
Pattern search
For a more supervised analysis, it is useful to retrieve all ligands and receptor pairs that show a specific communication pattern. To this aim, our algorithm can classify ligand/receptor pairs based on their similarity to a user-specified communication pattern.
A pattern of interest can be specified as a binary adjacency matrix, with sending nodes in the rows and receiving nodes in the columns, 1 indicating the presence of an edge and 0 the absence. The adjacency matrices of the layers are also binarized based on the presence/absence of the edges and the dissimilarities with the user-specified adjacency matrix are calculated (see section 2.2). The output is a list of ligand-receptor pairs sorted by increasing dissimilarity with the user-specified pattern. ( Figure 1A and 1C, Suppl Table 2 )
Comparative analysis
Given the results of a cell-cell communication analysis of two datasets including the same cell types, COMUNET can estimate the differences in communication patterns between them. First, the results are represented as multiplex networks, as described above; then, pairwise dissimilarities between the shared layers (e.g., layers representing the same pairs of ligands/receptors) of the two datasets are calculated (see Section 2.2). Ligand-receptor pairs are then sorted by decreasing dissimilarity, i.e., from those that change the most across the two datasets to those that remain unaltered ( Figure 1A and 1D, Suppl Table 3 ).
Applications
Below, we apply COMUNET to scRNA-seq datasets from two different publications to show how the clustering, the pattern search and the comparative analysis can help extract biologically relevant information from a cell-cell communication analysis performed with CellPhoneDB (Vento-Tormo et al. , 2018; Efremova et al. , 2019) .
Mouse embryo
For this example, we used scRNA-seq data from a E6.5 mouse embryo from (Nowotschin et al. , 2019) ( Figure 1B, Suppl Fig 1) . After processing these data with CellPhoneDB, COMUNET finds 8 clusters of ligand-receptor pairs, most of them describing communication from one or two of the cell types (those expressing the ligands) to the other cell types (expressing the receptors). These clusters classify the ligand-receptor pairs according to the pattern of communication they might generate and offer an overview of the main communication patterns present in the data.
As an example, cluster 3 includes signalling originating preferentially from the embryonic visceral endoderm (emVE) to other tissues ( Figure 1B, Suppl Fig 1) . This cluster includes LEFTY1-TDGF1 ( Figure 1B, Suppl Fig 1, Suppl Table 1 ), which has been described as a visceral endoderm associated signal (Tam and Loebel, 2007) .
In addition to this unsupervised analysis, all ligand/receptor pairs having a specific communication pattern can be identified. For example, in Figure 1C and Suppl Table 2 , we show how a list of all ligands-receptors that might be responsible for signalling from the extra-embryonic visceral endoderm to all the other cell types can be easily obtained.
Acute Myeloid Leukemia (AML) patient
As a further example, we used the data from (van Galen et al. , 2019) to show how COMUNET can find differences in communication patterns between two datasets. This publication includes a scRNA-seq data of a bone marrow sample of a 74 years old newly diagnosed female AML patient (#328) at diagnosis (day 0) and after Azacitidine-Venetoclax-C1D27 treatment (day 29). We compared the communication patterns in the two samples and revealed that 6 ligand-receptor pairs dramatically change their pattern of communication upon treatment. Among those we found TNFSF13-FAS and CCL5-CCR5, for which both the ligand and the receptor play a role in AML and other cancers (Chapellier et al. , 2019; Gmeiner et al. , 2015; Brenner et al. , 2016; Mollica Poeta et al. , 2019; Aldinucci and Colombatti, 2014 ) ( Figure 1D, Suppl Fig 2, Suppl Table 3 )
Conclusions
COMUNET is a powerful tool for visualization and analysis of intercellular communication. It can be applied to the output of virtually any algorithm that analyzes cellular communication from any kind of data (not only single-cell transcriptomics), to help explore the results and extract biologically relevant information from them.
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